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In this chapter, we summarize the main research findings of this thesis. In Section
6.1 we start with a summary of the individual chapters. Section 6.2 follows with
a discussion on the achievement of the research objectives. Finally, directions for
further research are outlined in Section 6.3.
6.1 Summary
In Chapter 2, we have studied the Day-ahead Paratransit Planning problem in
which one day before the day of operation a decision is made on the early routes,
under uncertainty of the late requests: which ones to serve with own vehicles and
which ones to subcontract. In this problem, the unrealistic but simplifying assump-
tion is made that all late requests are known just before the start of the day of op-
eration. Consequently, requests become known at only two moments in time and
therefore we have chosen to develop a two-stage recourse model which contains
only elements from stochastic programming, not from online optimization. Nev-
ertheless, the model is non-standard since each stage consists of two consecutive
optimization problems: clustering of requests into routes and the assignment of the
routes to vehicles. To solve each subproblem a heuristic has been designed and a
genetic algorithm is used to solve the entire recourse model.
The purpose of Chapter 2 is to obtain insights in the paratransit transportation
problem and the solution method used to solve our recourse model. From exper-
iments with relatively small problem instances we have learned that clustering of
requests is a complicating factor, but also very profitable. Without clustering the
estimated costs increase up to 81%. Furthermore, the second important and com-
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plicating aspect is the uncertainty with respect to the late requests. Taking into ac-
count the late requests when deciding on the early routes decreases the estimated
costs up to 10%. Although both the clustering and assignment heuristic are (rea-
sonably) fast, CPU times are rather large. This is caused by the numerous calls of
both heuristics.
In Chapter 3, we have studied the Dynamic Day-ahead Paratransit Planning
problem which is a more realistic variant of the problem studied in Chapter 2. That
is, the unrealistic but simplifying assumption on the late requests is omitted. In-
stead, the late requests are now assumed to arrive gradually during the day of op-
eration, just like in practice. The non-standard two-stage recourse model we have
developed is an extension of the model used in Chapter 2 and contains ideas from
both stochastic programming and online optimization. The first stage still consists
of two consecutive optimization problems. However, the dynamic second-stage
problem is now modeled as an online optimization problem in which a discrete
event simulation is applied. Two heuristics have been designed to generate deci-
sions in this simulation; one to cluster the late requests and one to assign the ob-
tained routes to vehicles. Again, a genetic algorithm is applied to solve the entire
recourse model. Both our model and solution method are flexible and can easily
be adjusted, e.g., to include unforeseen events like canceled requests and vehicle
breakdowns.
The only difference between the problems in Chapters 2 and 3 is the specifica-
tion of the moment(s) in time the late requests become known. Although in practice
late requests arrive gradually during the day of operation (Chapter 3), the problem
becomes easier to solve if they are assumed to be known at the beginning of that day
(Chapter 2). In Chapter 3, numerical experiments have been performed on prob-
lem instances of relatively small size to compare both problems and corresponding
models. In general, better decisions can be made if (unrealistically) timely infor-
mation on the late requests would be available. This would result in a decrease
of the estimated costs of on average 2.6%. However, this timely information on
the late requests is not available in practice and in that situation, we have shown
that it appears to be profitable to solve the model of the realistic problem (Chapter
3) instead of that of the simplified problem (Chapter 2). However, differences in
estimated costs are rather small.
CPU times to solve the model of Chapter 3 for relatively small instances are
large. This is caused by the two heuristics used to generate decisions in the discrete
event simulation, since they take many details into account and are called many
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times. In Chapter 4, both heuristics are simplified to decrease CPU times to be
able to solve the model for large, realistic instances within reasonable time and still
obtaining solutions of acceptable quality. In the assignment heuristic a small adjust-
ment leads to a large reduction in the number of calls, without considerable loss of
quality. A simplification for the clustering heuristic is less obvious and hence, vari-
ous alternatives have been developed which either reduce CPU time per call or the
number of calls. Based on numerical experiments the alternative which is the best
compromise between CPU time and quality is chosen.
The model with the two fast, simplified heuristics is solved for large instances
inspired on practice. CPU times have decreased considerably and are acceptable
now: 9 – 23 minutes per instance. To determine the quality of our model a com-
parison is made with two models which are both solvable in seconds. In the my-
opic model as few early routes as possible are subcontracted whereas in the pes-
simistic model all early routes are subcontracted. Our recourse model with simpli-
fied heuristics outperforms both models (by far), unless subcontracting during the
day of operation is very undesirable. In that case, the pessimistic model is a fast
competitor of our (simplified) recourse model.
In Chapter 5, we have studied a second planning problem in the area of routing
and scheduling: a servicemechanic problem for a housing corporation. Already be-
fore the start of the planning period it is decidedwhich of the largemaintenance ac-
tivities are served by own mechanics and which ones are subcontracted, under un-
certainty of the emergency incidents arriving during the planning period. The de-
veloped model resembles that of Chapter 3 in that it is again a (non-standard) two-
stage recourse model belonging to our novel class in which ideas from stochastic
programming and online optimization are combined. The model is non-standard
since in the dynamic second-stage problem a discrete event simulation is applied.
In this simulation, two decisions are made repeatedly: a scheduling decision and
an assignment decision. For both, a heuristic (also referred to as online algorithm)
has been designed to generate decisions. A genetic algorithm is (again) used to
solve the recourse model. Both the model and solution method are flexible and can
easily be adjusted, e.g., to incorporate delays in job durations and illness of me-
chanics. We have already experimented with two versions of the problem: with
and without the possibility of overtime hours for the own mechanics.
In Chapter 5, emphasis is placed on the element of online optimization. That
is, two online algorithms to generate the scheduling decision have been designed,
and are compared. The first online algorithm is simple and fast. Each emergency
110
incident is scheduled to start once it arrives, even if no own mechanics are avail-
able. The second algorithm is more sophisticated and flexible. It searches for a free
spot in the existing schedule during which sufficiently many own mechanics are
available to serve the emergency incident. Numerical experiments show that the
estimated costs are smaller if the second algorithm is used, as expected. Moreover,
the first algorithm is indeed faster, but all CPU times are small, allowing to solve
problems of a small to medium size corporation. If overtime hours for the own me-
chanics are allowed, the estimated costs decrease since overtime is less expensive
than the use of subcontractors. Our recourse model performs very well compared
to the myopic model in which as fewmaintenance activities as possible are subcon-
tracted. The difference in estimated costs ranges from 1% to 28%, depending on the
version of the problem and online algorithm.
6.2 Discussion research objectives
In Section 1.4, we have defined two research objectives. Before we discuss our
contribution to achieving these objectives, we repeat them for convenience.
RO1 Design a novel class of models in which ideas from stochastic programming
and online optimization are integrated. The way of modeling the impact of
uncertainty on the decisions must be recognizable for some planning prob-
lems in the area of routing and scheduling. For a number of specific problems
of this type, formulate the model in detail and propose a solution method.
RO2 For the specific models to be studied in detail, develop solution methods
which provide solutions of acceptable quality within reasonable time for in-
stances of real-life size.
The two planning problems which we have studied are the paratransit prob-
lem for a transportation company and the service mechanic problem for a housing
corporation. These specific problems have been chosen since they are interesting
and, more importantly, they are dynamic and stochastic. More precisely, day-ahead
early jobs are already known while for the late jobs only probabilistic information
is assumed to be available. In addition, these late jobs arrive gradually during the
planning period. Another characteristic of both problems is the role of online deci-
sion making: during the execution phase of the plan online decisions are required,
but day-ahead they are not. For the day-ahead decision, the time needed to solve
the model for a particular problem instance only has to be within an acceptable
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range. In contrast, for the additional decisions made during the execution phase of
the plan, online decision making is required.
Themodels designed in Chapters 3 – 5 belong to the novel class in that they inte-
grate ideas from stochastic programming and online optimization. Although both
fields of research study problems under uncertainty, their perception is different.
By combining (the best) aspects of both fields, the resulting model represents the
planning problems with above mentioned characteristics more realistically. That
is, in the first stage, modeling day-ahead, all available (probabilistic) information
is considered to make the best possible decision. In the second stage, modeling
the execution phase of the plan, decisions are made online, based only on revealed
data.
This second-stage problem is a dynamic problem in which we have chosen to
apply a discrete event simulation. Because of the complexity of the planning prob-
lems, in our opinion optimization of the decisions in this simulation is not an op-
tion. Hence, heuristics have been developed to generate these decisions. The de-
velopment of these heuristics, or online algorithms, is a difficult task for which ex-
tensive knowledge of the problem is required. Moreover, a compromise is needed
between the number of details to include and the speed of the heuristic. We have
shown that the heuristics have a large influence on the quality of the results, as the
estimated costs decrease with on average 23% if a more sophisticated heuristic is
used (service mechanic problem). For instances of real-life size, the development
of heuristics is even more critical due to the tighter restriction on the CPU time.
However, we have shown that it is possible to design a solution method, includ-
ing heuristics applied in the discrete event simulation, which provides solutions of
acceptable quality within reasonable time (paratransit transportation problem).
In this thesis our model is compared numerically to a classical two-stage re-
course model from stochastic programming and to two models of online optimiza-
tion. By solving the classical recourse model instead of the model of the new class,
the estimated costs increase with up to 4.3% (paratransit transportation problem).
Both the myopic and pessimistic model can be regarded as online optimization
models, although probably not the most sophisticated ones, since future jobs are
not considered when making the day-ahead decision. For both planning problems
we have studied, our model outperforms the online optimization model(s), inde-
pendently of the size of the problem instances.
To conclude, we have contributed considerably to the achievement of both re-
search objectives. Based on the experiments performed in this thesis, the novel class
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of models might be a good alternative to study dynamic and stochastic planning
problems in the area of routing and scheduling for which online decision making is
only required in the second stage. However, further research is required to provide
more evidence for this (preliminary) conclusion.
6.3 Directions for further research
Despite our efforts and nice results, much more research is needed to obtain com-
plete knowledge on the novel class of models in which elements from stochastic
programming and online optimization are integrated. Hence, many directions for
further research exist. We give some suggestions of which we think are most im-
portant, in arbitrary order and without pretending to be complete.
In this thesis the focus is on day-ahead problems in which the main decision
is made before the actual planning period. We have shown that the novel class
of models can be valuable when solving these two specific problems. We believe
that also other problems can benefit from our approach. As we have mentioned
in Section 6.2, these problems need to be dynamic and stochastic, some jobs have
to be known in advance, and online decision making has to be required during
the second part of the time span. An example of such a problem could be the
paratransit transportation problem in which the actual routing and scheduling is
included. This problem features all necessary characteristics and describes, at the
expensive of increased complexity, reality even better compared to the paratransit
transportation problems studied in this thesis.
In this thesis the model of the novel class has been compared to a classical two-
stage recourse model, although the underlying problems differ in the specification
of the moment(s) in time information on future events becomes available. It might
be interesting to compare the new model to a classical multi-stage recourse model
since the information streams of the underlying problems are the same. This com-
parison will capture the difference in dealing with the probabilistic information
on the future events. Furthermore, the online optimization models to which our
model has been compared are probably not the best ones, although suitable for
our purposes, and hence, it might be interesting to compare the new model to a
sophisticated online optimization model.
In this thesis the solution method to solve the entire model gets relatively little
attention. All models have been solved by means of a genetic algorithm since vari-
ous papers show that genetic algorithms give good results for related problems (see
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Chu and Beasley, 1997, 1998; Feltl and Raidl, 2004). However, other solution meth-
ods might also be suitable to solve the new models, e.g., the local search approach
or other metaheuristics like simulated annealing or tabu search. Also solution tech-
niques from stochastic programming might be adaptable. It can be worthwhile to
investigate various solution techniques and compare them with respect to quality
of the results and CPU time.
In this thesis the novel class of models has been used to solve applications, and
also the three suggestions for further research mentioned above focus on applied
research. However, also theoretical studies are necessary and valuable, e.g., to dis-
cover properties of the new models, which might be used to develop a new (exact)
solution technique.
